Entropy generation as a practical tool of optimisation for non-Newtonian nanofluid flow through a permeable stretching surface using SLM  by Bhatti, Muhammad Mubashir et al.
Available online at www.sciencedirect.comhttp://dx.doi.org/
2288-4300/& 20
license (http://cr
nCorrespondin
E-mail addre
muhammad09@
Peer review u
Engineering.Journal of Computational Design and Engineering 4 (2017) 21–28
www.elsevier.com/locate/jcdeEntropy generation as a practical tool of optimisation for non-Newtonian
nanoﬂuid ﬂow through a permeable stretching surface using SLM
Muhammad Mubashir Bhattia,n, Tehseen Abbasb, Mohammad Mehdi Rashidic
aShanghai Institute of Applied Mathematics and Mechanics, Shanghai University, Shanghai 200072, China
bDepartment of Mathematics, Quaid-I-Azam University Islamabad, Pakistan
cShanghai Key Lab of Vehicle Aerodynamics and Vehicle Thermal Management Systems, Tongji University, Shanghai 201804, China
Received 21 July 2016; received in revised form 18 August 2016; accepted 29 August 2016
Available online 1 September 2016Abstract
In this article, entropy generation on non-Newtonian Eyring-Powell nanoﬂuid has been analysed through a permeable stretching sheet.
The governing ﬂow problem is based on linear momentum, thermal energy, and nanoparticle concentration equation which are simpliﬁed with the
help of similarity transformation variables. The resulting coupled nonlinear ordinary differential equations are solved numerically with the help of
Successive Linearization method (SLM) and Chebyshev Spectral collocation method. The novel characteristics of all the physical parameters are
discussed with the help of graphs and tables. The expression for local Nusselt number and local Sherwood number is also taken into account. It is
observed that velocity proﬁle increases due to the greater inﬂuence of suction parameter. Moreover, Brownian motion and thermophoresis
parameter signiﬁcantly enhance the temperature proﬁle, however Brownian motion parameter shows converse behaviour on nanoparticle
concentration proﬁle. Entropy proﬁle acts as an increasing function of all the pertinent parameters.
& 2016 Society for Computational Design and Engineering. Publishing Servies by Elsevier. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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During the recent decades, nanotechnology [1] brought out
multidimensional changes due to its useful applications in
modern technology and industry. Conventional heat transfer
with the different ﬂuid models is inadequate to handle new
challenges in the modern era due to its very low thermal
conductivity. Nanoparticles are made up of oxides and metals
which are used in base ﬂuids to enhance magniﬁcently
conductive and convective heat transfer capability of coolants.
Due to these novel features of nanoﬂuids is very helpful in
various industrial applications that are beneﬁcial in quick and10.1016/j.jcde.2016.08.004
16 Society for Computational Design and Engineering. Publishing
eativecommons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Society for Computational Design andactive heat transfer. In a various industrial process such as
chemical processing, thermal heating, and power generation
involves an important factor which is known as the solar
factor. These processes focus on a wide zone of sunlight into a
condensed stream by route detection, mirrors, and lens. Then,
this stream is very helpful in a heat source for different power
plants. When a certain amount of nanoparticles are added to
the base ﬂuid in a solar collector, then it assimilates more
radiations and enhances the adeptness of solar collectors [2].
Due to enhancement in the thermal conductivity of nanoﬂuids
brings a purposeful application in a nuclear reactor system.
Various authors [3–5] examined that due to the existence of
nanoparticles in a nuclear system provides a remarkable
economic gain and enhances the safety margins. Various
electronic devices produce the manifold heats which in results
improve their efﬁciency and reliability. Such type of devices
can be cooled down with the help of nanoparticle ﬂuidServies by Elsevier. This is an open access article under the CC BY-NC-ND
Nomenclature
~u; ~v Velocity components
x; y Cartesian coordinate
Re Reynolds number
NG Dimensionless entropy number
~t Time
Pr Prandtl number
S Suction/injection parameter
Nb Brownian motion parameter
Nt Thermophoresis parameter
qw Heat ﬂux
Le Lewis number
qm Mass ﬂux
B;C Fluid parameter
Br Brinkman number
~T1 Environmental temperature
~T ; ~C Temperature and Concentration
g Acceleration due to gravity
DB Brownian diffusion coefﬁcient
DT Thermophoretic diffusion coefﬁcient
Greek Symbol
α Thermal conductivity of the nanoparticles
α Stretching parameter
μ Viscosity of the ﬂuid
χ, λ1 Dimensionless constant parameter
Ω Dimensionless temperature difference
ϕ Nanoparticle concentration
θ Temperature proﬁle
φ Stream function
τ Effective heat capacity of nanoparticle
ν Nanoﬂuid kinematic viscosity
γ, β Fluid parameter
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process, which is applicable in lubrication and cooling of
machine parts. Furthermore, applications of nanoﬂuids involve
hybrid power engine, diesel electric generator, cooling of
machines, domestic refrigerators, and industrial process. Nano-
ﬂuids are remarkably helpful in heat pipes to advocate the
transfer of heat to reduce the total heat resistance. Buongiorno
[6] proposed a model which consists of various phenomena
such as Brownian diffusion, thermophoresis, ﬂuid drainage,
gravity settling, Magnus effect, diffusiophoresis, and inertia.
He observed that the inﬂuence of thermophoresis and Brow-
nian motion are more dominant. Kuznetsov and Nield [7]
investigated numerically the thermophoresis effect and Brow-
nian motion effect on a boundary layer ﬂow of nanoﬂuid
through a vertical plate. They observed that due the decrement
in strengthens of thermophoresis and Brownian motion tends
to decrease the cooling rate of the plate. Nield and Kuznetsov
[8] analytically examined the thermal instability of nanoﬂuid
through a porous medium. Some more recent studies on the
said topic can be found from Refs. [9,10].
According to thermodynamic technique, entropy generation
minimisation technique is applied to maximise different
thermal engineering devices for a better performance [11].
Entropy generation function can be described as the level of
available irreversibilities in a process. The efﬁciency of
engineering devices can be reduced due to the existence of
irreversibilities. Furthermore, it is also found that the second
law of thermodynamics is more efﬁcient and reliable as
compared to the ﬁrst law of thermodynamics [12]. During
the past years, various authors [12,13] applied second law of
thermodynamics in the manufacturing of thermal engineering
systems. For instance, Rashidi et al. [14] studied the entropy
generation with the help of the second law of thermodynamics
on MHD ﬂow of nanoﬂuid through a porous rotating disk.
Abolbashari et al. [15] addressed the entropy analysis on
unsteady MHD ﬂow past a permeable stretching sheet in ananoﬂuid. Some more studies on the said topic can be found
from Refs. [16–30]. According to the best of author’s knowl-
edge, no such attempt has been made on Numerical simulation
of entropy generation on Eyring-Powell nanoﬂuid through a
permeable stretching surface.
With the above discussion in mind, the aim of present study is
to analyse numerically the entropy generation Eyring-Powell
nanoﬂuid through a permeable stretching surface. Nanoﬂuid ﬂow
through a stretching surface is found in various practical
applications such as crystal growth process, polymer processing,
die forging, crystal growth process, and condensation process.
Nanoﬂuid in such type of process enhances the cooling rate of the
sheet which plays a signiﬁcant role in the quality of a product.
The governing ﬂow problem is modelled with the help of
similarity transformation variables and converted into nonlinear
ordinary differential equations. The reduced resulting nonlinear
ordinary differential equations are solved with the combination of
Chebyshev spectral collocation method and Successive lineariza-
tion method. This paper is summarised in the following way; after
the introduction in Section (1), Section (2) describes the
mathematical formulation of the problem, Section (3) presents
the physical quantities, Section (4) is based on solution metho-
dology, ﬁnally Section (5) characterises the results and discussion
of all the physical parameters.
2. Mathematical formulation
Consider the boundary layer ﬂow of Eyring-Powell nano-
ﬂuid over a stretching surface near a stagnation point aty¼ 0.
Cartesian coordinate is chosen in a way such that xaxis is
considered along the direction of the sheet whereas yaxis is
considered along normal to it (see Fig. (1)). Suppose that ~Tw
and ~Cw be the temperature and nanoparticle fraction at the
sheet while the temperature and nanoparticle fraction at inﬁnity
is ~T1 and ~C1. The velocity of the sheet is considered along
xdirection ~uw ¼ ax:
Fig. 1. Geometry of the ﬂow problem.
Fig. 2. Flow chart of the present methodology.
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can be written as [24]
∂ ~u
∂x
þ ∂~v
∂y
¼ 0; ð1Þ
~u
∂ ~u
∂x
þ ~v ∂~v
∂y
¼ νþ 1
ρBC
 
∂2 ~u
∂y2
 1
2ρBC3
∂ ~u
∂y
 2 ∂2 ~u
∂y2
þ ~ue
d ~ue
dx
;
ð2Þ
~u
∂ ~T
∂x
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~T
∂y
¼ α ∂
2 ~T
∂y2
þτ DB
∂ ~C
∂y
∂ ~T
∂y
þ DT
T1
∂ ~T
∂y
 2 !
; ð3Þ
~u
∂ ~C
∂x
þ ~v ∂
~C
∂y
¼DB ∂
2 ~C
∂y2
þ DT
T1
∂2 ~T
∂y2
: ð4Þ
Their respective boundary conditions are
~u ¼ ~uw; ~v ¼ ~vw; ~T ¼ ~Tw; ~C ¼ ~Cw at y¼ 0; ð5Þ
~u ¼ ~ue; ~v ¼ 0; ~T- ~T1; ~C- ~C1 as y-1: ð6Þ
The steam function satisfying Eq. (1) is deﬁned as
~u; ~vð Þ ¼ ∂φ∂y ;  ∂φ∂x
 
. Deﬁning the following similarity trans-
formation variables
ζ¼
ﬃﬃﬃﬃﬃ
~uw
νx
r
y; ~u ¼ ~uwf 0 ζð Þ; ~v ¼ 
ﬃﬃﬃﬃﬃﬃﬃﬃ
ν ~uw
x
r
f ζð Þ;
θ¼
~T ~T1
~Tw ~T1
;ϕ¼
~C ~C1
~Cw ~C1
; ð7Þ
and using Eq. (8) into Eq. (1) to Eq. (7), we get
ð1þγÞf 000 þ1γβf 002f 000  f 02þ f f 00 ¼ 0; ð8Þ
1
Pr
θ
00 þ f θ0 þNbθ0ϕ0 þNt θ0
 2 ¼ 0; ð9Þ
ϕ
00 þLefϕ0 þ Nt
Nb
θ
00 ¼ 0: ð10Þ
Their corresponding boundary conditions are
f 0ð Þ ¼ S; f 0 0ð Þ ¼ α; f 0 1ð Þ ¼ 1; ð11Þθ 0ð Þ ¼ 1; θ 1ð Þ ¼ 0; ð12Þ
ϕ 0ð Þ ¼ 1;ϕ 1ð Þ ¼ 0; ð13Þ
where Pr¼ ν=α;Le¼ νDB ; Nb ¼
τDB ϕwϕ1ð Þ
ν ;
Nt ¼
τDT ~Tw ~T1
 
~T1ν
; γ ¼ 1
μBC
; β¼ axð Þ
3
2xνC2
:3. Physical quantities of interest
The physical quantities of interest for the governing ﬂow
problem are local Nusselt number and local Sherwood number
which can be written as [17]
Nux ¼
xqw
κ ~Tw ~T1
  ; Shx ¼ xqmDB CwC1ð Þ ; ð14Þ
where qw and qm are described as
qw ¼ κ
∂ ~T
∂y
 
y ¼ 0
; qm ¼DB 
∂C
∂y
 
y ¼ 0
: ð15Þ
With the help of dimensionless transformation in Eq. (7), we
have
Nur ¼
Nux
Re
1
2
x
¼ θ0 0ð Þ; Shr ¼
Shx
Re
1
2
x
¼ ϕ0 0ð Þ; ð16Þ
where Shr and Nur are the dimensionless Sherwood number
and local Nusselt number, respectively and Rex ¼ ~uwx=ν is the
local Reynolds number.
4. Numerical method
We apply the Successive linearization method to Eq. (9)
with their boundary conditions in Eq. (11), by setting [23,24]
f ζð Þ ¼ f I ζð Þþ
XI1
N ¼ 0
f N ζð Þ; I ¼ 1; 2; 3;…ð Þ; ð17Þ
where f Iare unknown functions which are obtained by
iteratively solving the linearised version of the governing
equation and assuming that f I 0rNr I1ð Þ are known from
previous iterations. Our algorithm starts with an initial
approximation f 0 which satisfy the given boundary conditions
in Eq. (12) according to SLM. The suitable initial guess
Fig. 3. Velocity proﬁle for different values of β and S when Pr¼ 10;Nt ¼ 0:2;
γ ¼ 0:5;Nb ¼ 0:2;Le¼ 1:
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f 0 ¼ 1þζþαþSþ
1α
eζ
: ð18Þ
We write the equation in general form as
L f ; f
0
; f
00
; f
000 þN f ; f 0 ; f 00 ; f 000 ¼ 0; ð19Þ
where
L f ; f
0
; f
00
; f
000 ¼ f 000 ; ð20Þ
and
N f ; f
0
; f
00
; f
000 ¼ 1γβf 002f 000  f 02þ f f 00 ; ð21Þ
where L and N are the linear and nonlinear part of Eq. (8). By
substituting Eq. (17) in Eq. (8) and taking the linear terms
only, we get
f
000
I þA0;I1f
00
I þA1;I1f
0
IþA2;I1f I ¼ rI1; ð22Þ
the corresponding boundary conditions become
f I 0ð Þ ¼ 0; f
0
I 0ð Þ ¼ 0; f
0
I 1ð Þ ¼ 0: ð23Þ
We solve Eq. (22) numerically by a well-known method
namely Chebyshev spectral collocation method. For numerical
implementation, the physical region 0;1ð Þ is truncated to
0;Γ½  we can take Γ to be sufﬁcient large. With the help of
following transformations this region is further transformed
into 1; 1½ , we have
Ω¼ 1þ 2ζ
Γ
: ð24Þ
We deﬁne the following discretization between the interval
1; 1½ . Now, we can apply Gauss-Lobatto collocation points
to deﬁne the nodes between 1; 1½  by
ΩJ ¼ cos
πJ
N
; J ¼ 0; 1; 2; 3…Nð Þ; ð25Þ
with Nþ1ð Þ number of collocation points. Chebyshev
spectral collocation method based on the concept of differ-
entiation matrix D. This differentiation matrix maps a vector of
the function values G¼ f Ω0ð Þ;…; f ΩNð Þ½ T the collocation
points to a vector G
0
is deﬁned as
G
0 ¼
XN
K ¼ 0
DKJf ΩKð Þ ¼DG; ð26Þ
the derivative ofporder for the function f Ωð Þ can be written
as
f p Ωð Þ ¼DpG: ð27Þ
The entries of matrix D can be computed by the method
proposed by Bhatti et al. [31]. Now, applying the spectral method,
with derivative matrices on linearised equation Eqs. (22) and (23),
we get the following linearised matrix system
AI1GI ¼RI1; ð28Þ
the boundary conditions takes the following form
f I ΩNð Þ ¼ 0;
XN
K ¼ 0
DNKf I ΩKð Þ ¼ 0;
XN
K ¼ 0
D0Kf I ΩKð Þ ¼ 0;XN
K ¼ 0
D20Kf I ΩKð Þ ¼ 0; ð29Þ
where
AI1 ¼D3þA0;I1D2þA1;I1DþA2;I1: ð30Þ
In the above equation As;I1ðs¼ 0; 1;…3Þ are Nþ1ð Þ 
ðNþ1Þ diagonal matrices with As;I1 ΩJð Þ on the main
diagonal and
GI ¼ f I ΩJð Þ;RI ¼ rI ΩJð Þ: J ¼ 0; 1; 2; 3;…Nð Þ: ð31Þ
After employing Eq. (29) on the solutions for f I are obtained
by solving iteratively Eq. (30). We obtain the solution for f ζð Þ
from solving Eq. (30) and now Eqs. (9) and (10) are now linear
therefore, we will apply Chebyshev pseudo-spectral method
directly, we get
BH¼ S; ð32Þ
with their corresponding boundary conditions boundary
conditions
θ ΩNð Þ ¼ 1; θ Ω0ð Þ ¼ 0; ð33Þ
ϕ ΩNð Þ ¼ 1;ϕ Ω0ð Þ ¼ 0; ð34Þ
where H¼ θ ΩJð Þ;ϕ ΩJð Þð Þ; B is the set of linear coupled
equation of temperature and nanoparticle concentration, S is
a vector of zeros, and all vectors in Eq. (32) are converted
to diagonal matrix. We imposed the boundary conditions in
Eqs. (33) and (34) on the ﬁrst and last rows of B and S;
respectively.
5. Entropy generation analysis
The volumetric entropy generation of the Eyring-Powell
nanoﬂuid is given by [21–23]
S
000
gen ¼
κ
~T
2
1
∂ ~T
∂y
 2
þ μ
~T1
1þ 1
ρBC
 
∂ ~u
∂~y
 2 
 1
6ρBC
∂ ~u
∂y
 4
þ RD
C1
∂C
∂y
 2
þ RD
~T1
∂ ~T
∂y
∂C
∂y
þ ∂C
∂x
∂ ~T
∂x
 
:
ð35Þ
In the above equation, the entropy generation consists of
three effects, (i) conduction effect (also known as heat transfer
Fig. 4. Velocity proﬁle for different values of S and γ when
Pr¼ 10;Nt ¼ 0:2; β¼ 0:5;Nb ¼ 0:2;Le¼ 1:
Fig. 5. Temperature proﬁle for different values of Pr and Nb when
Nt ¼ 0:2; γ ¼ 0:5; β¼ 0:5; Le¼ 1:
Fig. 6. Temperature proﬁle for different values of Nt and Pr when
γ¼ 0:5; β¼ 0:5;Nb ¼ 0:2; Le¼ 1:
Fig. 7. Concentration proﬁle for different values of S and Nb when
Pr¼ 10;Nt ¼ 0:2; γ ¼ 0:5; β¼ 0:5:
Fig. 8. Concentration proﬁle for different values of Nt and Le when
Pr¼ 10; γ ¼ 0:5; β¼ 0:5;Nb ¼ 0:2:
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and (iii) diffusion (also known as diffusive irreversibility,
(DI)). The characteristics entropy generation can be written as
S
000
0 ¼
κ ΔTð Þ2
L2 ~T
2
1
: ð36Þ
With the help of Eq. (8), the entropy generation in
dimensionless form can be written as
NG ¼
S
000
gen
S
000
0
¼ Reθ02 ζð Þþ ReBr
Ω
1þγð Þf 002 ζð Þ γβ
3
f
004 ζð Þ
	 

þReλ1
χ
Ω
 2
ϕ
02 ζð ÞþReλ1
χ
Ω
 
θ
0
ζð Þϕ0 ζð Þ: ð37Þ
These number are given in the following form
Re¼ ~uLL
2
ν
; Br ¼ μ ~uw
2
κΔT
; Ω¼ ΔT
~T1
; χ ¼ ΔC
C1
; λ1 ¼
RDC1
κ
:
ð38Þ6. Results and discussion
This section describes the novel characteristics of all the
physical parameters involved in the governing ﬂow problem.
For this purpose Figs. (3)–(13) are sketched for velocity
proﬁle, temperature proﬁle, nanoparticle concentration proﬁle
and entropy proﬁle against ﬂuid parameters β; γð Þ, suction/
injection parameter Sð Þ, Prandtl number Prð Þ, Brownian motionparameter Nbð Þ, thermophoresis parameter Ntð Þ, Lewis number
Leð Þ, Brinkmann number Brð Þ, and Reynolds number Reð Þ
respectively. Table 1 shows the numerical representation of
local Nusselt number and local Sherwood number for different
values of all the pertinent parameters. Table 2 shows the
numerical comparison with the existing published results [26]
for different values of stretching parameter α by taking
γ ¼ β¼ 0. It can be noticed from this table that present results
are in excellent agreement which also conﬁrms the validity of
the present methodology.
Figs. (3) and (4) illustrate the velocity proﬁle against ﬂuid
parameters and suction/injection parameter. It depicts from
Fig. (3) that ﬂuid parameter βð Þ enhances the velocity proﬁle
Fig. 9. Entropy proﬁle for different values of S and β when Pr¼ 10;
Nt ¼ 0:2; γ ¼ 0:5;Nb ¼ 0:2; Le¼ 1:
Fig. 10. Entropy proﬁle for different values of Br and S when Pr¼ 10;
Nt ¼ 0:2; γ ¼ 0:5; β¼ 0:5;Nb ¼ 0:2;Le¼ 1:
Fig. 11. Entropy proﬁle for different values of γ and S when Pr¼ 10;
Nt ¼ 0:2; β¼ 0:5;Nb ¼ 0:2; Le¼ 1:
Fig. 12. Entropy proﬁle for different values of Re and S when Pr¼ 10;
Nt ¼ 0:2; γ ¼ 0:5; β¼ 0:5;Nb ¼ 0:2; Le¼ 1:
Fig. 13. Entropy proﬁle for different values of Re and S when Pr¼ 10;
γ ¼ 0:5; β¼ 0:5;Le¼ 1:
Table 1
Numerical values of reduced Nusselt number and local Sherwood number
for various values of Pr;Nb;Le and Nt .
Pr Nb Nt Le Nur Shr
1 0:2 0:2 1 0:7353
2 0:9487
10 1:3561
0:1 1:5632 0:4834
0:4 1:1021 0:7072
0:8 0:8439 0:7842
0:3 1:2108 0:5334
0:5 1:0173 0:4451
0:7 0:8919 0:3896
1:5 0:7559
2 0:8919
3 1:1352
Table 2
Comparison with existing published results [32] by taking γ ¼ β¼ 0.
α Present results Wang [32]
1.15 1.08223 1.0822
0.75 1.48929 1.4892
0.25 1.40224 1.4022
0.1 1.14656 1.1465
0.2 1.05113 1.0511
5 10.26474 10.2647
M.M. Bhatti et al. / Journal of Computational Design and Engineering 4 (2017) 21–2826whereas the velocity proﬁle behaves in a similar when the
suction/injection parameter Sð Þ increases. It can be observed
from Fig. (4) that with the increment in ﬂuid parameter γð Þ, the
magnitude of the velocity decreases, which means that higher
values ﬂuid parameter γð Þ provides resistance to the ﬂow. The
present results can be reduced to the Newtonian ﬂuid by taking
γ; βð Þ- 0; 0ð Þ in Eq. (8). Figs. (5) and (6) are made for
temperature proﬁle against Brownian motion parameter Brð Þ,
thermophoresis parameter Ntð Þ and Prandtl number Prð Þ.
Fig. (5) shows that when the Brownian motion parameter
Nbð Þ, then it tends to increase the temperature proﬁle and its
boundary layer thickness. Brownian motion is the random
motion small particles in the nanoﬂuid and due to the
enhancement in Brownian motion parameter Nbð Þ, the motion
M.M. Bhatti et al. / Journal of Computational Design and Engineering 4 (2017) 21–28 27of a particle is affected which in results tends to rise the
temperature proﬁle and its boundary layer thickness. More-
over, thermophoresis parameter is also an important parameter
to analyse the temperature proﬁle in a nanoﬂuid ﬂow. Due to
the inﬂuence of thermophoresis parameter Ntð Þ, a thermo-
phoretic force produces which helps to move the nanoparticles
from a hotter region to cold region and simultaneously increase
the boundary layer thickness and temperature proﬁle as shown
in Fig. (6). Furthermore, we can observe in both ﬁgures that
when Prandtl number Prð Þ increases then it leads to reduce the
temperature proﬁle and its boundary layer thickness. We can
also observe here that with the increment in Prandtl number
causes weaker thermal diffusivity. Those ﬂuids which have
weaker thermal diffusivity corresponds to lower temperature.
These kinds of thermal diffusivity depict a decrement in
thermal boundary layer thickness and temperature proﬁle.
Figs. (7) and (8) represent the nanoparticle concentration
proﬁle against Lewis number Leð Þ, Brownian motion para-
meter Nbð Þ and thermophoresis parameter Ntð Þ: It is clear from
Fig. (7) that for large values of Brownian motion parameter
Nbð Þ, nanoparticle concentration proﬁle and its boundary layer
thickness decreases. It depicts from Fig. (8) that thermophor-
esis parameter Ntð Þ enhances the nanoparticle concentration
proﬁle and its boundary layer thickness. Moreover, we can also
observe here that temperature proﬁle and boundary layer
thickness tends to diminish for higher values of Lewis number
Leð Þ. Lewis number mainly rely upon Brownian diffusion
coefﬁcient and large values of Lewis number Leð Þ tends to
enhance the Brownian diffusion coefﬁcient greatly which
reveals a decrement in nanoparticle concentration proﬁle and
its corresponding boundary layer thickness. Figs. (9)–(13) are
sketched for entropy proﬁle against Brinkmann number Brð Þ,
Reynolds number Reð Þ, Suction/injection parameter Sð Þ, Brow-
nian motion parameter Nbð Þ, thermophoresis parameter Ntð Þ
and ﬂuid parameters β; γð Þ. We can observe here that entropy
proﬁle behaves as an increasing function of all the physical
parameters. Furthermore, we can see from Fig. (13) that
entropy proﬁle is decreasing initially due to the increment in
Brownian motion parameter Nbð Þ and thermophoresis para-
meter Ntð Þ, while it increases when ζ40:7. Conclusion Entropy generation on non-Newtonian Eyring-Powell nano-
ﬂuid through a permeable stretching surface has been
investigated numerically. The governing ﬂow problem is
modelled with the help of similarity transformation vari-
ables which are further solved with the help of successive
linearization method and Chebyshev spectral collocation
method. The physical behaviour of all the parameters is
discussed on velocity proﬁle, temperature proﬁle, entropy
proﬁle, and nanoparticle concentration proﬁle. Furthermore,
the comparison is also made by taking γ ¼ β¼ 0 as a
special case of our study. The major outcomes for the ﬂow
problem are summarised below: Temperature proﬁle and nanoparticle concentration proﬁle
enhanced for higher values of thermophoresis parameter.
 Brownian motion parameter shows opposite behaviour on
nanoparticle concentration and temperature proﬁle.
 The magnitude of the velocity proﬁle increases when the
suction/injection parameter increases.
 An increment in Lewis number shows a signiﬁcant reduc-
tion in nanoparticle concentration proﬁle.
 An increment in Prandtl number shows a markedly reduc-
tion in the temperature proﬁle.
 The present results can also be reduced to Newtonian ﬂuid
by taking γ; βð Þ- 0; 0ð Þ.
 Entropy proﬁle behaves as an increasing function of all the
physical parameters.
 Comparison with an existing published results reveals that
the present results are in excellent agreement which also
conﬁrms the validity of the present methodology.References
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